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Abstract. Charge transfer complexes possessing a .. . DADA· .. structure with 
both the donor, D, and acceptor, A, being S = 112 radicals may exhibit cooperative 
magnetic phenomena. The complex [Fe(CsMesh] +'[TCNQ]- ' exhibits metamagnet-
ic behavior. The similarly structured [TCNE] - and [C4(CN)6]- complexes are 
ferromagnets , whereas the [DDQ] -' salt is a paramagnet. The high temperature 
magnetic susceptibility obeys the Curie-Weiss expression with 8 = + 30, + 30, and 
+ 3 for the [TCNE] - , [CiCN)6]-, and [TCNQ] - salts, respectively. The ferromag-
netic [TCNE]- ' salt exhibits zero field Zeeman split s7Fe Mossbauer spectra with an 
internal field of 425.6 kOe at 4.23 K. After reviewing the current papers discussing 
ferromagnetism in molecular (organic) compounds, a qualitative model consistent 
with the necessary bulk spin alignment required for a ferromagnet is presented. 
INTRODUCTION 
Since the first report that segregated linear chain charge 
transfer salts based on TCNQI may exhibit high de 
electrical conductivity (as well as other interesting solid 
state properties)2 and the conjecture that a high temper-
ature excitonic superconductor based on a linear chain 
compound could be prepared,3 the past quarter of a 
centITY has witnessed substantial multidisciplinary ef-
forts focused toward understanding this fascinating 
class of materials.4- 7 In contrast, linear chain complexes 
comprised of alternating donors and acceptors (D/ A) 
are in general poor conductors; however, they exhibit a 
variety of interesting magnetic phenomena, Table I. 
The phenomena include diamagnetism where both 
the D and A are diamagnetic and paramagnetism for 
some cases where either D or A is paramagnetic. The 
magnetic susceptibility of [TTF)[M{S2C2(CF3)2h} 
(M = Cu, Au)1 obeys the Curie-Weiss expression at 300 
K with antiferromagnetic exchange and undergoes a 
spin-Peie rls transition for T :s 12 K. '~ We ha ve exten-
ded the list of magnetic phenomena observed for mole-
cular based materials with our observation of meta-
and ferromagnetic behavior in the [TCNQ] - 20 and 
[TCNE] - IS. 16' salts, respectivel y, of [Fe(CsMesht. 
Herein we review the preva iling concepts and types of 
molecular materials proposed to exh ibit ferromagne-
tism and summarize our research aimed at preparing, 
characterizing and understanding molecular based 
materials which exhibit cooperative magnetic pheno-
mena and describe how our research contributes to 
evolution of the field. 
MOLECULAR FERROMAGNETS 
In the mid-1960s McConnell via a pair of short notes 
provided intuition for achieving ferromagnetic cou-
pling in organic radicals.22 .23 In 1963 he conjectured22 
that radicals, preferably odd-alternate, possessing large 
positive and negative rr-spin densities aligned so that 
the positive spin densities on atoms of one radical 
exchange couple with negati ve spin densities on adjac-
ent radicals, would undergo a ferromagnetic exchange 
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interaction. However, close proximity could enhance 
bond formation as well as the spin exchange interaction 
between atoms possessing positive and negative rr-spin 
densities. Thus, ferromagnetic coupling must dominate 
over the overlap of half-filled rr-orbitals to form a S = 0 
bond. Hydrocarbon radicals, R , are well known to 
dimerize to form R-R. Even stable rr-radicals are 
known to form S = 0 a-bonded or tight rr-like dimers. 
For example, [TCNQ] - is known to form tight rr-like24 
and a-bonded2s [TCNQ] ~ - dimers (Figs. 1,2). Like-
wise, [TCNE] - is dimeric in the [Fe(CsH4hC3H6] + 26 
(J: I) salt. The [TCNEn - dimer possesses a short intra-
dimer separation of 3.05 A and each [TCNE] - moiety 
deviates from planarity by I SO with the deformation 
conforming to a b3u vibration26 (Fig. 3). Although these 
dimers form , it is feasible for the positive spin 
densities '6b,27 on either the N or dicyanomethylene 
carbon to overlap the negative spin density located on 
the cya no carbon on an adjacent radical anion (Fig. 4). 
Thus, to comply with McConnell's overlapping spin 
densit y model materials will have to be designed such 
that partially occupied molecular orbital enables the 
spin interaction to occur while inhibiting bonding. This 
condition may be difficult to achieve as singly occupied 
molecu lar orbitals can always dimerize via an eclipsed 
structure. Radicals with sufficient steric bulk to prohibit 
direct bonding may also possess sufficient steric interac-
tions to limit the spin interactions necessary for stabi-
lizing ferromagnetic behavior. The synthesis of mater-
ials with the desired magnetic properties based on these 
concepts will require cleverly designed materials. 
In 1967 McConnell postulated 23 that in a molecular 
crystal comprised of alternat ing S = 1/2 cations and 
S = 112 an ions such that ei ther the cation or the anion 
(but not both) has a triplet (S = I) neutral form , mixing 
of the virtual S = I excited state with the ground state 
will lower the energy of the system enabling ferromag-
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netic coupling. Breslow28 expanded this to include the 
formation of either triplet dications or dian ions and 
suggested that I-D, 2-D, and 3-D ferromagnetic do-
mains might exist. Currently his group is studying ways 
to stabilize triplet organic radicals with the objective of 
preparing organic ferromagnets . However, to date only 
materials exhibiting antiferromagnetic orderin~ or S = 
I paramagnetic behavior have been prepared. 8,29 Due 
to the similarity between the electronic structure of OUr 
series of metallocene donors and the idealized donor 
described in this model some insightful analogies can 
be made (vide infra). 
Table I. Representative Magnetic Phenomena Observed for I-D .. . DADA · .. Structures 
Magnetic Phenomena Charge SD" SA" Ref. 
[D][A] Complex' Transferred 
Diamagnetic 
[Co(CSMeS)2][C3(CN)s] I 0 0 8 
[Fe(C6Me6h][C6(CN)6] 2 0 0 9 
[perylene]{Ni[S2C2(CF3hh} 0 0 0 10 
[Pt(NH3)4][PtCI4] 2 0 0 11 
Paramagnetic 
[Co(CsMesh][DDQ] I 0 112 14 
[Fe(CsMesh][C3(CNh] I 112 0 16a 
[Fe(CsMesh][DDQ] I 1/2 112 17 
[TTF][Chloranil]C ('neutral' phase) 0.3 112 1/2 12,13 
[TTF][Chloranilt ('ionic' phase) 0.73 1/2 112 12.13 
[TMPD][TCNQ] 0.7 112 1/2 18 
Antiferromagnetic 
[TTF]{Cu{S2C2(CF3hh}d 1/2 0 19 
Metamagnetic 
[Fe(CsMes)2][TCNQ] 112 1/2 20 
Ferromagnetic 
[Fe(CsMesh][TCNE] 112 1/2 15,16a 
[Fe(CsMesh][C4(CN)6] 1/2 1/2 21 
" Donor spin. 
b Acceptor spin . 
C Undergoes a 'neutral' to ionic transition at 84 K. 
d Undergoes a Spin-Peirels transition at 12 K. 
Fig. I. n:-bonded S = 0 [TCNQh2 - dimer.24 
Fig. 2. a-bonded S = 0 [TCNQh2- dimer2s 
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In 1968 Mataga30 suggested that extended high spin 
multiplicity organic molecules based on one-half filled 
nonbonding orbitals occurring for meta-substituted 
aromatic compounds might be ferromagnetic. The sim-
plist member of this series is diphenyl carbene, 1, whose 
triplet electronic structure is illustrated in Fig. 5a. 
Addition of m -phenylene groups in principle could lead 
to a polymeric material with high spin multiplicity (Fig. 
5b). 
Fig. 3. n-bonded S = 0 [TCNE)/- dimer. 26 
[TCNEF 
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The spin multiplicity would increase with x as S = 
x + 1. This assumes that neither the bondinglnonbond-
ing nor nonbondinglantibonding gaps become compar-
able to kT or that correlation effects lower the energy of 
nonmagnetic states to such an extent that the magnetic 
states do not dominate and thwart the realization of 
ferromagnetic interactions. Also, distortions or chemi-
cal reactions that tend to pair electrons must be 
avoided. Recently a no net state tetracarbene generated 
in situ by photolysis of a tetrakis diazo compound was 
reported to exhibit Curie susceptibility above 65 K, and 
two regimes of Curie-Weiss behavior for T < 65 K. In 
both regimes the Curie-Weiss constant, e, was charac-
teristic of antiferromagnetic behavior, i.e., e < O. Like 
dioxygen, 02> intramolecular ferromagnetic-like cou-
pling was reported. However, macroscopic intermole-
cular ferromagnetic coupling was not established for 
these thermally unstable compounds.3! 
Additionally, in 1978 Ovchinnikov32 identified large 
odd-alternating conjugated organic molecules as a spe-
cific class of materials which if made sufficiently large 
could exhibit intramolecular ferromagnetic coupling. 
High spin multiplicity hypothetical compounds were 
proposed, however, none of them has been character-
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Fig. 5. Schematic electronic structures for dlphenylcarbene (a) and 
higher spin multiplicity related m- substituted polymers (b).3D 
Miller, Epstein and Reiffl Charge Transfer Compounds 
366 
ized to date. Several high spin organic radicals, e.g., 
[CsCls]+, [C6R6]2+, and HSC6C[(C6H4)ChC6Hs, have 
been characterized,""jj however, sufficient chemical 
stability to adequately study their physical properties 
has been lacking. Possibly some of the structures pro-
posed by Ovchinnikov when prepared will possess the 
requisite chemical stability and exhibit ferromagnetic 
interactions. 
ALTERNATING DO]'l;ORlACCEPTOR SALTS BASED 
ON DECAMETHYLFERROCENE 
The reaction of decamethylferrocene, Fe(CsMesh, 2, 
with acceptors such as TCNQ,2u.27,33,34 TCNE,ls,16a 
CiCN)621 and DDQI4,17 leads to the formation of 
several poorly conducting one-dimensional complexes 
of I: 1 composition. Each of these compounds possesses 
a similar structure composed of alternating S = 112 
[2] + and S = 112 radical anions. Fig. 6 illustrates the 
structure for the I: I [TCNQ]- salt and Table 2 sum-
marizes the key structural features as well as physical 
properties for this series of compounds. 
[TCNQl- COMPLEX 
The reaction of2 with TCNQ leads to the formation of 
three phases. 33 The magnetic susceptibility, X, of the 
alternating 1-D phase has proved to be anomalous. 
Complexes of [2] + containing diamagnetic anions 
(e.g., /3-' [TCNQ)~-, and [p-(NChC(C6H4)C(O) (CN)]- ~O,24,27} exhibit Curie like behavior while the 1-D 
1: 1 TCNQ salt exhibits Curie-Weiss. Xx. (T - H) I. 
behavior with H = + 3 K.LU Thus, the product of tem-
perature, T, and the susceptibility of the latter com-
pound. which is temperature independent for T> 50 
K. increases dramatically at low temperatures (Fig. 7). 
Interestingly the susceptibility is dependent upon the 
applied external field. That is, for magnetie fields less 
than 1.6 kG the complex behaves as an antiferromagnet 
(TN - 2.55 K): however, above the 1.6 kG critical field 
the substance exhibits ferromagnetism (Fig. 8).20 This 
metamagnetic behavior3s is most clearly seen in the 
magnetic moment \'s. applied magnetic field curves as a 
function of temperature. 20 Mossbauer spectroscopy 
e7Fe) clearly shows a singlet characteristic of ferro-
cenium above 4° K; however, at lower temperatures a 
pair of six line spectra at the same isomer shift gra-
dually appears and is fully resolved at 1.4 K. These six 
line spectra are due to ordering in the spin doublet state 
of [2] + in zero external fieldY These results indicate 
the importance of the spin density on the radical 
[TCNQ]- anion. 36 The anion spin leads to an internal 
dipolar field at the S = 112 Fe(lII) sites, small Zeeman 
splitting. onset of relaxation broadening and ultimately 
fully resolved hyperfine splitting.27 At low temperature 
the relaxation becomes slow enough to enable the reso-
lution of a pair of hyper fine split fields. HINT, of 404 and 
449 kG. The pair of six line spectra suggests inequiva-
lent iron sites in the lattice that were not present in the 
- 106 C structure determination. 34 The details of the 
cooperative magnetic interactions have not been com-
pletely elucidated at the present time. 
Fig. 6 .... D tAD tA - ... chain structure of [Fe(C)\1esh][TCNQ].27 
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Table 2. Summary of Structural and Magnetic Properties of Decamethylferrocene Base· .. DADA· .. Complexes 
Anion 





Intrachain Fe-Fe. A 
CsMes Anion. A 
CsMe, Anion. deg 
Dihedral angle. deg 
Interchain Fe-Fe. A 
v(CN). nujol. em - I 
Mossbauer Lines. 1.4 K 
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7.5 
Ferromagnetic 
21 15,16 27,34 17 
a as the Fe(CsH,h complex; b KEr; C E. Adman, M. Rosenblum, S. Sullivan and T. N. Margulis, J. Am. Chern. Soc. 89, 4540 
(1967); d J. S. Miller, J. H. Zhang, and W. H. Reiff, unpublished; B. W. Sullivan, B. M. Foxman, M. D. Ward, M. Rosenblum, 
R. W. Fish and C. Bennet, J. Am. Chem. Soc., 86, 5166 (1964). 
IDDQ1- COMPLEX 
Replacement of [TCNQ]- with [DDQ]- in the struc-
ture nominally does not change the solid state 1-0 
structure; however, cooperative magnetic interactions 
are not observed.17 The reasons for the different X(T) 
behavior are unknown. Initially it was thought that the 
anion was diamagnetic [DDQH]-. However, after 
noting that the complex exhibited a six line hyperfine 
split s7Fe Mossbauer spectrum [HINT (1.4 K) = 451 kG] 
arising from slow paramagnetic relaxation that was 
qualitati-vely similar to that observed for the 
[TCNQ]-' salt (vide supra) we reformulated the anion 
as S = 112 [DDQr. Recently from interpretation of 
vibrational and electronic spectra and esr of solutions. 
we have confirmed the S = 112 [DDQ]-.'4 The lower 
symmetry of this acceptor and its consequential inter-
chain cation/anion interactions might be important in 
understanding why this complex does not exhibit coo-
perative magnetic interactions. 
ITC:'oOE1- COMPLEX 
The [TCNEr salt of[Fe(C5Mesh]~ also forms a fully 
charge transferred alternating 1-0 ... DADA· .. 
structure. Attempts to grow crystals of [Fe(CsMesh]-
[TCNEj- proved extremely difficult due to the air 
sensitivity of [TCNE]-ls.16a.37 and an easily lost aceto-
nitrile molecule of solvation. Attempts to recrystallize 
the [TCNE]- complex under ambient conditions 
leads to the isolation of 1-0 [Fe(C 5Me5hj-
[(NChC = C(CN)C(CNHo. which arises from oxida-
tive disproportionation of [TCNE]- .37.38 Also. attempts 
to collect crystals suitable for single crystal X-ray dif-
fraction continually failed as loss of solvent led to 
isolation of apparent single crystals which diffracted 
like powders. A single crystal was ultimately grown in a 
capillary within a diffractometer at - 30°C and ena-
bled the determination of the structure.IS,lb. This charge 
transfer salt has no detectible esr signal attributable to 
the bulk above 5 K.39 At room temperature the 57Fe 
Mossbauer spectrum exhibits a single transition 
(£5 = 0.427 mm/sec, 1 = 0.323 mm/sec) typical offerro-
cenium ions. Below 15 K this system exhibits the onset 
of magnetic hyperfine splittings suggesting combin-
ations of slow paramagnetic relaxation broadening 
and cooperative three-dimensional ordering processes. 
The hyperfine splitting process for [2] + [TCNEr 
initiates at - 12 K and is nearly fully resolved at 10K 
(Fig, 9), The 4,23 K spectrum in zero applied magnetic 
field corresponds to a single internal hyperfine field of 
424 kG. This process is essentially coincident with the 
inflection point in the low field magnetic susceptibility 
data and is consistent with cooperative three-dimen-
sional ferromagnetic ordering for which the Curie tem-
perature is estimated to be:s 16 K in consideration of 
both the susccptibility and zero field Mossbauer 
spectroscopy data. 16• 
The magnetic susceptibility of [2] + [TCNE]- was 
measured by the Faraday and SQUID techniques for 
1.7 <T < 300 Kand 0,3 < H < 80 kG. Above 60 K the 
complex obeys the Curie-Weiss expression, i,e. X = 
CI(T - 8). 8 = + 30 K, thereby characterizing this 
complex as having dominant ferromagnetic interac-
tions. The enhanced susceptibility is seen in the plot to 
TX vs, T, Fig. 10. Above 16 K (the maximum in Fig. 10) 
preliminary calculations suggest that the data can be fit 
by a 1-0 Heisenberg model with ferromagnetic 
exchange, 15.16. For the polycrystalline samples the mag-
netization at 4.23 K saturates to a value of 1.1 ± 
0.1· 104 emuG/mol. IS,16. This is comparable to 1.20.104 
emuG/mol value for iron metal. 40 Initial measurements 
demonstrate that a sizable moment persists in zero 
applied magnetic field at the lowest temperatures mea-
sured (i,e., 2 K).16. 
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Fig. 8. Low temperature X(T,H) for [Fe(CsMesh][TCNQ].2o 
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Fig. 9. Temperature dependence of the s7Fe Mossbauer spectra for 
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Fig. 10. XT as a function ofT for [Fe(C5Me5hJ[TCNEV5 
(C.(CN),I-· COMPLEX 
The [CiCN)6]- salt also forms a 1:1 I-D completely 
charge transferred salt. Unlike the previous three salts 
discussed the JC4(CN)6r is disordered in the solid.21 
Above 10K S Fe Mossbauer spectra exhibit a narrow 
singlet typical of ferrocenium cations: however, below 
- 9 K spectral broadening and hyperfme splitting arc 
evident with near full resolution and internal field 
saturation achieved - 7.5 K. The ovcrall Mossbauer 
behavior is qualitatively similar to that observed for the 
[TCNE] . salt. High temperature (T > 50 K) suscepti-
bility measurements show that [Fe(CsMeshl[CiCN)6] 
obeys the Curie-Weiss law, XM x (T - (:I) - 1, with e = 
+ 30 K. Thus, this material also possesses dominant 
ferromagnetic interactions. Ferromagnetic magnetic 
behavior dominate to the lowest fields measured. i.e., 
30 G. Furthermore, the susceptibility becomes mar-
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kedly field dependent between 6 and 7 K. This is nearly 
coincident with the onset of magnetic hyperfine split-
ting of the Mossbauer spectra and with the Mossbauer 
spectral data suggests an ordering temperature of 7.5 
K.21 
DISCTSSIO:'ll 
We have demonstrated that both [Fe(CsMesh][TCNE] 
and [Fe(CsMes)2][C4(CN)6] exhibit dominant ferromag-
netic interactions at the lowest fields accessible t0 us at 
the present time. McConnell's 1967 model suggests a 
conceptual framework that enables us to begin to 
understand the microscopic origins of ferromagnetic 
behavior for this class of compounds. Recalling from 
the introduction. McConnell states that if a S = I state 
is available to mix with the ground state upon virtual 
charge transfer, the spin alignment or ferromagnetic 
interactions may be stabilized.23 The [Fe(C5Me5h]+ 
cation has a S = 112 afge~g ground state (I-1g. II a) and 
upon virtual transfer of an e2g electron to the b3g n* 
~ orbital of [TCNE]- forming S = 0 [TCNEf- a S = 1 
r 2 + cation possessing the afgd electronic configu-
ration results (Fig. 11 b). Mixing of the ground state, <PgS' 
with the excited state, <PeS' forms a new ground state <P~ 
of lower energy, E~s (Fig. 12a). Thus, spin alignment 
lowers the energy of the system. Since the cation is 
essentially equidistant to a [TCNEr above and below 
it within a chain, a virtual transfer of its e2g electron 
+ [Fe(C5 Me 5 )2]· 





2g* + 4>95 
a ++ 
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forming the excited S = 1 state to either [TCNEr may 
occur. Thus, two excited state configurations would mix 
with the ground state further lowering thc energy to E'~s 
(Fig. 12b). This 'spin delocalization' can propagate 
along a chain leading to stabilization of the system via 
spin alignment. In the limit that the spins in one 
... DADA· .. chain are aligned, i.e., ferromagnetically 
coupled, macroscopic ferromagnetism will n'ot occur 
unless the spins on each chain are aligned. If the spins 
on adjacent chains are in the opposite sense, then 
depending on whether the spins completely cancel or 
[TCNEF 
5 =1/2 
dxz • dyz 
dxy.dx2_y2 b3g --f-- 11"* 










Fig. II. Schematic ground state electronic structure for [Fe(CsMesh]- [TCNE]- (a) 










Fig. 12. Stabilization of the ground state via mixing with the excited states. (a) Mixing of ground state 
and S = I excited state: (b) mixing of ground state and pair oflocalized excited states; and (c) mixing 
of ground state and pair of intrachain and intcrchain localized excited states. 
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not, anti ferromagnetic or ferrimagnetic behavior 
should dominate. 
Spin alignment between chains can occur if the 
[TCNEr residi~g in an adj.acent c~ain is proximal to 
the Fe' . If the mter- and mtracham [TCNEr's are 
comparably separated from a Felli site, then an e2g 
electron can be transferred to a b3g [TCNE]-' orbital on 
an adjacent chain to further stabilize the system (Fig. 
12c) and align spins on adjacent chains. This could lead 
to macroscopic ferromagnetic interactions. This proxi-
mity of[TCNEr to Felli between some parallel chains 
is comparable to the intrachain separations suggesting 
that virtual electron transfer between chains is viable. 16a 
An additional, but presumably less important, 
mechanism for spin alignment between chains is elec-
tron transfer mediated 'self-spin' exchange between like 
cations and independently between like anions. For 
example, to a virtual S = 1 [Fe(CsMeshf+ on site I an 
electron could be transferred from a S = 112 
[Fe(CsMesh] + on site II (located on an adjacent chain), 
such that the S = 1/2 I + cation was subsequently on 
site I and the S = 1 2 + cation on site II. Likewise, 
electron transfer (spin exchange) could occur for S = 0 
[TCNE]2 and S = 112 [TCNE]- on adjacent chains. 
The structure l6a of [Fe(CsMesh][TCNE] possesses both 
parallel chains in- and out-of-registry. The in-registry 
chains have cations in close proximity with cations (as 
well as anions in close proximity to anions) to support 
cationH Ication + and anionz- lanion - electron transfer 
mediated spin exchange to further stabilize the system 
and align spins on adjacent chains. The intra- and 
interchain alignment of spins are necessary for macro-
scopic ferromagnetism. 
SUMMARY 
The area of molecular based ferromagnetic compounds 
is in its infancy.28.41 Our data demonstrate that ferro-
magnetic behavior is achievable and we hope that it will 
also be observed for totally organic systems. Our sys-
tem, of course. possesses iron: nonetheless, these charge 
transfer complexes are more akin to an organic com-
pound than an inorganic solid. The iron in our system is 
low spin Felli not high spin Fell, or Felli or iron metal 
that one typically associates with ferro42a or 
ferrimagnetic42b iron compounds. The anion is, of 
course, completely organic. Unlike highly magnetic 
inorganic substances, the [Fe(CsMesh][anion] com-
plexes are soluble and recrystallizable from conven-
tional polar organic solvents and are insoluble or 
decompose in aqueous solvents. Furthermore, from a 
chemical reactivity viewpoint ferrocenes are con-
sidered to be similar to aromatic compounds like 
benzene.43 
Verification and extension of McConnell's model in 
our systems as well as work on preparing and character-
izing new highly magnetic compounds are in progress. 
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